Background: Children born prematurely may be at risk of developing osteopenia. This study investigated whether insulin-like growth factors (IGFs) in the early postnatal period influence bone mass and body composition in prematurely born children. Methods: A total of 74 control (gestational age >36 wk; n = 37) and preterm (gestational age <32 wk; n = 37) infants were investigated (mean age ± SD: 4.59 ± 0.31 y). Bone mineral density, body composition, and markers of bone and mineral metabolism were investigated in relation to postnatal IGF levels. results: After adjusting for confounders, we found no differences in bone mass, but significantly less lean mass, increased fat mass, and increased osteocalcin levels in ex-preterm infants. Forward stepwise multiple analysis revealed that higher late postnatal IGF-II levels predict lumbar spine bone mineral content (P < 0.05) and lean mass (P < 0.05). When the birth weight standard deviation score was included in the analysis, higher early postnatal IGF-I levels predicted both lumbar spine bone mineral density and bone mineral content (P < 0.05). Higher early postnatal IGF binding protein-3 (P < 0.01) predicted increased fat mass at 4-y follow-up. conclusion: Ex-preterm children have normal bone mass but different body composition compared with full-term controls. Higher early IGF-I and late postnatal IGF-II concentrations are positive predictors of lumbar spine bone mass. c hildren's bone health is an important issue with lifelong importance. Many factors and medical conditions are associated with an increased risk of a bone mineral disorder and future skeletal problems, including genetics, mechanical loading, activity level, longitudinal growth, puberty, hormones, cytokines, and nutritional status. Peak bone mass is achieved during early adulthood and serves as the "bone bank" for the remainder of life. Bone remodeling, the continuous process of bone formation and resorption, can be assessed and monitored by biochemical markers of bone turnover (1). Many studies have found that ex-preterm infants are shorter, lighter, and have lower bone mass (2-5) than their full-term peers, and ex-preterm infants who are small for gestational age at birth seem to have the most risk (6). However, several studies have found that the bone mass in ex-preterm infants is appropriate for their body size (7, 8) and one study proposed that bone mineral density (BMD) in very-low-birth-weight infants is normalized at 2 y of age (9). During adolescence, children who were born prematurely do not have different bone mineral content (BMC ) (10) or BMD (11) (adjusted for height and weight) in comparison with normal-weight children born at full term. Supplementation with early diet benefits short-time growth and BMD. Positive outcomes of an early special diet have been shown on body composition and fat mass during the first 2 y of life, but the long-term effects on BMD and other morbidities are not yet known (12).
and have lower bone mass (2-5) than their full-term peers, and ex-preterm infants who are small for gestational age at birth seem to have the most risk (6) . However, several studies have found that the bone mass in ex-preterm infants is appropriate for their body size (7, 8) and one study proposed that bone mineral density (BMD) in very-low-birth-weight infants is normalized at 2 y of age (9) . During adolescence, children who were born prematurely do not have different bone mineral content (BMC ) (10) or BMD (11) (adjusted for height and weight) in comparison with normal-weight children born at full term. Supplementation with early diet benefits short-time growth and BMD. Positive outcomes of an early special diet have been shown on body composition and fat mass during the first 2 y of life, but the long-term effects on BMD and other morbidities are not yet known (12) .
In full-term newborn infants, umbilical cord serum insulinlike growth factor (IGF)-I and IGF binding protein (IGFBP)-3 concentrations positively correlate with the gestational age (GA) (13, 14) , birth weight (BW) (13) (14) (15) , and fat mass (16) . IGF-I levels increase after a normal birth, primarily as a result of the onset of growth hormone-stimulated IGF-I production by the liver after ~6 mo of age (17) . IGF-I has growth-promoting effects on almost every tissue, especially skeletal muscle, cartilage, and bone. Circulating IGF-I has also been suggested to regulate adipose tissue growth and the differentiation of preadipocytes into adipocytes (18) . The influence or effect of IGF-II has been more difficult to establish, though IGF-II mutations seem to affect lean mass and fat mass distribution in pigs (19) .
Circulating IGF-I and IGFBP-3 reflect the short-term growth velocity in very-low-birth-weight infants (20, 21) . In healthy pregnancies, cord serum IGF-I levels are related more to the size of the skeleton than to the degree of mineralization (17) .
We hypothesized that children born prematurely have lower BMD, BMC, and unchanged body composition at 4 y of age compared with normal-weight full-term controls. This study was designed primarily to investigate whether children born prematurely have reduced bone mass compared with healthy full-term children at 4 y of age and whether BMD or BMC in
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Articles former preterm children correlates with early postnatal IGF-I or IGF-II levels or whether these two factors are affected by differing body composition in children born prematurely compared with that in full-term children. Furthermore, we investigated whether low early postnatal IGF-I or IGF-II levels are associated with lower BMD and BMC levels and a difference in body composition during follow-up at 4 y of age. We also investigated different bone markers and their associations with current IGF-I concentrations and bone mass.
RESULTS

Bone Mass
The bone mass data are provided in Table 1 . No differences were found in total body BMD, total body less head BMD, lumbar spine BMD, total body BMC, or total body less head BMC between the preterm and the control groups when adjusted for age, gender, current height, and current weight. A tendency for higher lumbar spine BMC was found in the preterm group ( Table 1) .
Body Composition
The body composition data are provided in Table 1 . Lean mass and lean mass less head were lower (P < 0.01 and P < 0.05, respectively) and fat mass less head (P < 0.01) was higher in the preterm group when adjusted for age, gender, height, and weight (Figure 1) .
IGF-I, IGF-II, and IGFBP-3
Mean postnatal IGF-I, IGF-II, and IGFBP-3 levels during early and late postnatal weeks and mean current IGF-I and IGFBP-3 values in the preterm group are provided in Table 2 . Current IGF-I or IGFBP-3 levels did not correlate with total BMD (P = 0.80 and P = 0.37, respectively), total BMC (P = 0.46 and P = 0.20, respectively), BMD less head (P = 0.74 and P = 0.79, respectively), BMC less head (P = 0.75 and P = 0.83, respectively), or BMD L1-L4 (P = 0.56 and P = 0.26, respectively) but showed a tendency to correlate with BMC L1-L4 (P = 0.10 and P = 0.09, respectively). Current IGF-I and IGFBP-3 levels correlated with fat mass (r = 0.64; P = 0.001 Lean mass less head and fat mass less head in ex-preterm children compared with full-term controls. DXA measurements for (a) lean mass less head and (b) fat mass less head in the preterm and control groups adjusted for corrected age, gender, height, and weight. The bars represent the 95% confidence intervals. *P < 0.05, **P < 0.01 compared with controls. DXA, dual-energy X-ray absorptiometry. Articles Stigson et al.
and r = 0.56; P < 0.01, respectively), and IGF-I levels alone correlated with fat mass less head (r = 0.39; P < 0.05) but current IGF-I and IGF-BP3 did not correlate with lean mass (P = 0.41 and P = 0.31, respectively) or lean mass less head (P = 0.69 and P = 0.66, respectively). Current IGF-I levels did not correlate with BW standard deviation score (BWSDS; r = −0.14; P = 0.42).
Multiple Regression Analysis
The results of the forward stepwise multiple regression analysis are provided in Table 3 . Lean body mass (P < 0.001) and gestational age (P < 0.01) had an adjusted r 2 of 57% for total body BMC in all subjects. For total body less head BMC, fat mass less head was also included as a significant predictor (P < 0.05) with lean mass less head (P < 0.0001) and gestational age (P < 0.001; adjusted r 2 : 43%; P = 0.0001). Higher late postnatal IGF-II level was found to be a positive predictor of BMC L1-L4 (P < 0.05; Table 3 ) and lean mass less head (P < 0.05; Table 3 ) in the preterm group with weight standard deviation score (WSDS) included in the analysis. In Figure 2 , the correlation between BMC L1-L4 and WSDS at follow-up in relation to mean late postnatal serum IGF-II levels is shown. With BWSDS (P = 0.23) and WSDS (P < 0.05) included in the analysis, higher early postnatal IGF-I showed a positive contribution to BMD L1-L4 (P < 0.05, adjusted r 2 = 0.24) and BMC L1-L4 (P < 0.05) in the preterm group ( Table 3) . BWSDS did not add any further information on total body BMD, total body BMC, total body less head BMD, or total body less head BMC in the forward stepwise multiple regression analysis with WSDS (data not shown). WSDS (P < 0.0001) and increased early postnatal IGFBP-3 levels (P < 0.01) were strong positive predictors of fat mass less head in the preterm group ( Table 3) . If WSDS was replaced by current IGF-I levels, early postnatal IGFBP-3 (P < 0.001) and current IGF-I (P = 0.01) levels had an adjusted r 2 of 45% for fat mass less head at 4 y of age (r 2 = 0.49; P < 0.001) in the preterm group (n = 28).
Biochemical Markers of Bone and Mineral Metabolism
The median (range) serum levels of the different biochemical markers of bone and mineral metabolism are presented in Table 4 and compared with the reported pediatric age-and Only ex-preterm infants (n = 35) All Only ex-preterm infants (n = 28) All
Only ex-preterm infants (n = 28)
Lean mass less head 0.38 0.002 0.51 
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Articles gender-specific reference intervals. For osteocalcin, significantly more values were above the reference range than within and below it (P < 0.001, Pearson's χ 2 test); otherwise the marker levels did not differ significantly compared with the reference material ( Table 4) .
Subjects with elevated osteocalcin had significantly higher serum carboxy-terminal cross-linking telopeptide of type I collagen (CTX; P < 0.001, nonparametric Mann-Whitney test) and higher total body less head BMC (P < 0.05). We found no differences in WSDS, current IGF-I (P = 0.64), early IGF-I (P = 0.57), IGFBP-3 (P = 0.27), or late postnatal IGF-II (P = 0.31) levels compared with those in subjects within the reference interval for osteocalcin. In the group with elevated osteocalcin (i.e., above the reference value), a correlation with current IGF-I levels was present among females (P < 0.01), but a correlation was not found in the whole group of ex-preterm infants (r = 0.25; P = 0.20).
Lumbar spine BMC L1-L4 correlated significantly with total alkaline phosphatase (ALP; P < 0.05). ALP also significantly correlated with lumbar spine BMD L1-L4 (r = 0.43; P < 0.05). CTX correlated with total body less head BMC (r = 0.51; P = 0.01). CTX also correlated negatively with BWSDS in the preterm group (r = −0.49; P < 0.01). No correlations were observed for osteoprotegerin and Type I procollagen intact amino-terminal propeptide (PINP) with dual-energy X-ray absorptiometry bone mass measurements.
Current IGF-I levels positively correlated with CTX (r = 0.43; P = 0.01), tartrate-resistant acid phosphatase isoform 5b (TRACP5b; r = 0.47; P < 0.01), and ALP (r = 0.57; P < 0.001; Figure 3 ).
DISCUSSION
In this group of 4-y-old prematurely born children, our main findings were lower lean mass and higher fat mass compared with those in an age-and height-matched control group, after correction for possible confounders. Osteocalcin levels were higher in the ex-preterm subjects, with more values above the median range compared with the reference material. Our preterm infants seemed to have normal BMD and BMC compared with the age-and height-matched control group at 4 y of age, which contradicted our initial hypothesis. Ex-preterm infants and adults have lower bone mass (2-5) than full-term controls, although other studies have found that the bone mass in ex-preterm infants either is appropriate for their body size or does not differ from normal-weight full-term infants (7, 8, 11 ). These findings might reflect different treatment strategies in modern neonatal intensive care units. In the current study, we found a tendency for higher lumbar spine BMC in the preterm group. Higher late postnatal IGF-II levels were found to correlate positively with lumbar spine BMC and lean mass in preterm infants at 4 y of age. Higher early postnatal IGF-I levels were predictive of both higher lumbar spine BMD and lumbar spine BMC when BWSDS was included in the analysis. A lower BWSDS positively correlated with lumbar spine BMD and BMC. Current IGF-I and early postnatal IGFBP-3 levels were both correlated with fat mass less head.
We only found a tendency for current IGF-I and IGFBP-3 levels to correlate with lumbar spine BMC; otherwise we found no correlation between current IGF-I and IGFBP-3 levels with BMD or BMC. However, current IGF-I levels (at 4 y of age) Figure 2 . The correlation between lumbar spine BMC L1-L4 and WSDS at follow-up in children born preterm with high or low IGF-II levels at postmenstrual age of 34.7-37.3 wk. The regression line of children with late postnatal IGF-II >365 µg/l (filled circle) (y = 15.12 + 1.20x; r = 0.66; P = 0.014) (dashed line, ---) was significantly above the regression of those with IGF-II below 365 µg/l (unfilled circle (y = 13.34 + 1.15x; r = 0.58; P = 0.005)) (spaced dashed line, ---) (P < 0.01). BMC, bone mineral content; IGF, insulin-like growth factor; WSDS, weight standard deviation score. positively correlated with several markers of bone turnover, specifically CTX, ALP, and TRACP5b. The preterm group had a relatively lower lean body mass and increased fat mass compared with the control group after correcting for possible confounders. Increased total and abdominal adipose tissue has also been reported in adult ex-preterm subjects compared with the same in controls (22) . In pigs, with IGF-II mutations that induce increased IGF-II levels, more lean body mass is generated; thus, IGF-II seems to influence lean body mass (19) . Hernandez et al. (23) performed a similar study in which body composition was determined at 2 y of age in material from preterm infants (n = 26), and IGF-I, IGF-II, and leptin were followed longitudinally from birth. An influence of IGF-II on lean body mass was also found. In their study, leptin levels at 1 mo of age correlated with fat mass at 2 y of life (23) . Higher leptin levels reflect more fat mass present at that period in neonatal life. Early postnatal IGFBP-3 levels were shown to be strongly predictive of later fat mass in the preterm group in our study. In our preterm group, increased IGFBP-3 levels corresponding to the mean level of IGFBP-3 at a postmenstrual age of 30-32.5 wk was the strongest predictor of fat mass at 4 y, not IGFBP-3 in late postnatal weeks (data not shown). Because IGFBP-3 circulates in the blood bound in a complex with either IGF-I or IGF-II, high IGFBP-3 most probably correlates with higher levels of one or both of these growth factors.
The increase in osteocalcin can be explained by the relatively increased fat mass in the preterm group. Osteocalcin is produced by osteoblasts and reflects bone formation, but recent studies have demonstrated an association between osteocalcin and metabolic syndrome (24) , as well as indications of osteocalcin production and release by the adipose tissue (25) . In a group of adult men, osteocalcin was found to be inversely related to fat mass and plasma glucose (26) . In our ex-preterm infants with osteocalcin levels above the reference range, a correlation between osteocalcin and current IGF-I levels was present in females, which might indicate that preterm girls with elevated osteocalcin are more sensitive to the effects of IGF-I than are preterm boys. When comparing different osteocalcin studies and methods, the measured osteocalcin value can differ 10-fold depending on the applied method. The differences between assays are mostly due to different polyclonal and monoclonal antibodies recognizing different epitopes of circulating immunoreactive fragments of osteocalcin (27) . We used the same assay as that reported by Tarallo et al. (28) , who investigated biological variations and reference limits in 1,096 healthy individuals from 4 to 65 y of age.
Higher late postnatal IGF-II level was a significant positive predictor of lumbar spine BMC, and when BWSDS was included in the analysis, higher early postnatal IGF-I levels were predictive of both lumbar spine BMD and lumbar spine BMC. In experimental studies, IGF-I and IGF-II levels were shown to induce osteoclastogenesis and to affect osteoclast differentiation and bone resorption (29, 30) . Knockout mice with a loss of function in one of the promoter regions for the IGF-II gene have certain skeletal abnormalities associated with reduced mineralization and altered bone remodeling (31) . The differentiation of osteoprogenitors into osteoblasts is impaired in these mice, and IGF-II has been suggested to be a regulator of the fate of mesenchymal progenitors during bone development (31) . One may speculate that the higher IGF-II levels in late postnatal weeks associated with higher lumbar spine BMC in the preterm subjects may relate to early developmental programming of osteoclast/osteoblast formation by IGF-II. Another explanation for this positive association may be that the promotion of late postnatal cell proliferation by IGF-II is important for later lumbar spine BMD/BMC outcome. As osteoblasts and adipocytes are derived from the same progenitor cells, one may speculate that IGF-II or an interaction between IGF-I and IGF-II during certain time periods in fetal development could be important in directing the differentiation process of these progenitors to either adipocytes or osteoblasts. This interaction might be disturbed during early postnatal weeks in preterm infants, leading to differences in body composition at older ages.
The current study has limitations, including a small cohort size and comparison of laboratory measurements with general reference values instead of a control group. However, the findings indicate that with today's nutrition routines, former preterm infants can exhibit normal bone mass formation but can still have a different distribution of fat mass and lean mass than their full-term peers.
The association between neonatal laboratory findings, such as IGFBP-3 levels, and later body composition outcomes could be important for designing trials to improve future nutrition in preterm children. Studying these children at an older age, such as early adulthood, would be of interest in order to analyze the influence of puberty, study possible sex differences, and determine whether our findings are fixed or dynamic processes.
In summary, our preterm infants had normal BMC and BMD compared with age-and height-matched controls at 4 y of age. A difference in body composition was found between the groups, with an altered lean mass/fat mass ratio in the Bone and fat mass in preterm children Articles preterm group, which indicates that premature birth may have effects on body composition that persist throughout childhood. Differences in early postnatal levels of IGF may influence the outcome.
METHODS
Subjects
Patients were recruited from the year 2000 to the year 2002 from western Sweden at the Queen Silvia Children's Hospital after informed consent was obtained from the children and their parents. The local research ethics committee of Göteborg University, Sweden, approved this study (no. 370-04). The study group comprised 71 preterm infants at baseline. Data regarding the initial IGF-I levels at birth are reported elsewhere (32) . The current follow-up study was conducted after the initial study, and all patients were contacted for this follow-up study.
Only 39 prematurely born children and their parents were willing to participate in this follow-up assessment at 4 y of age, which was conducted in the period [2005] [2006] [2007] [2008] . Children from the initial study group who participated in the follow-up study did not differ from those who did not participate in regard to gestational age at birth (P = 0.59, analysis of variance t-test), BW (P = 0.34), and BWSDS (P = 0.73). Two children were excluded due to failure to undergo the bone mass scan, which resulted in a total of 37 children: 21 boys and 16 girls. The median (range) postmenstrual age at birth (based on ultrasonography performed at weeks 16-18) was 27.7 (24.4-31.1) weeks. All infants were hospitalized in the neonatal intensive care unit and nourished according to standardized routines. Enteral feeding was introduced early, with increasing amounts of breast milk (i.e., 2-48 h after birth). Supplementary parenteral nutrition with glucose, amino acids, and fat was used until full enteral feeding was possible. Breast milk was analyzed for protein content and fortified with Enfamil human milk fortifier (Mead Johnson, Glenview, IL) to obtain 3. The control group comprised 45 healthy 4-y-old Swedish children from relatives or friends of the preterm children's families or those randomly selected from pediatric health care units. These children were screened for any known disease and were not born prematurely. Eight children were excluded from the initial control group to obtain a better correlation with the age and height of the preterm group. The control children were examined in 2005-2008. Blood sampling was not performed in the control children and they were not analyzed for IGF-I levels for ethical reasons. Height was measured to the nearest 0.1 cm using a wall-mounted stadiometer. Weight was measured to the nearest 0.1 kg on an analogue scale.
Baseline and follow-up characteristics are presented in Table 5 . No significant differences were found between control and preterm children regarding gender, corrected age, height, height SDS, weight, weight SDS, BMI, or BMI SDS ( Table 5) . Eight preterm infants and four control children were born small for gestational age (defined as less than −2 BWSDS).
Assessment of Bone Mass
The BMD and the BMC for the total body and lumbar spine (L 1 -L 4 ) were assessed by dual-energy X-ray absorptiometry using the Lunar Prodigy (GE Lunar Corp., Madison, WI). Lean mass and fat mass were also measured. Only measurements of good quality were included in the analysis, and scans with movement artifacts were excluded ( Table 1) .
Biochemical Determinations
A detailed description of the biochemical methods are reported elsewhere (33) . All biochemical analyses were performed using serum samples. Briefly, osteocalcin was determined by radioimmunoassay using OSTK-PR (CIS Bio International, Gif-sur-Yvette, Cedex, France). Type I procollagen intact amino-terminal propeptide was also determined by radioimmunoassay (Orion Diagnostica, Oulunsalo, Finland). ALP was measured by a kinetic assay with 1.0 mol/l diethanolamine buffer (pH 9.8), 1.0 mmol/l MgCl 2 , and 10 mmol/l p-nitrophenylphosphate. Type I collagen degradation was assessed by measuring CTX using the CrossLaps enzyme-linked immunosorbent assay (Nordic Bioscience Diagnostics A/S, Herlev, Denmark), which is reported to measure a cathepsin K degradation product of trivalently cross-linked type I collagen. Osteoclast-derived TRACP5b was measured using a solid-phase immunofixed enzyme activity assay (SBA Sciences, Oulu, Finland). Pediatric age-and gender-specific reference intervals were reported elsewhere for osteoprotegerin, ALP, osteocalcin, type I procollagen intact amino-terminal propeptide, CTX, and TRACP5b (33) .
The IGF-I, IGF-II, and IGFBP-3 assays are described in detail elsewhere (34) . Briefly, serum samples were diluted 1:50 and IGF-I was measured in duplicate using IGFBP-blocked radioimmunoassay without extraction in the presence of an ~250-fold excess of IGF-II (Mediagnost GmbH, Tubingen, Germany). The IGFBP-3 samples were diluted 1:300. For IGF-I, the intraassay coefficient of variance was 15.7% at 10.2 µg/l and 9.6% at 34.5 µg/l. The interassay coefficient of variance was 23.9% at 10.2 µg/l and 12.1% at 34.5 µg/l. The intraassay coefficient of variance for IGFBP-3 was 10, 7, and 6% at 716, 1,750, and 3,929 μg/l, respectively (34) .
Statistical Analysis
Anthropometric data are presented as median (range) and dualenergy X-ray absorptiometry measurements as mean (±SD). Normal distribution was achieved by log-transformation of early postnatal IGF-I, IGFBP-3, and IGF-II concentrations, as well as current IGF-I, IGFBP-3, and TRACP5b concentrations. Comparisons between two separate groups regarding anthropometric data were performed with the nonparametric Mann-Whitney U-test (Table 5 ). Pearson's χ 2 test was used to compare numerical values (Table 5 ) and the frequency of preterm infants with osteocalcin levels above that of a reference control material ( Table 4) . To determine differences between preterm and full-term children with regard to bone mass and body composition, multiple regression analysis was corrected for current age, gender, height, and weight, and P values were also determined after correction for only age and gender ( Table 1) . Forward stepwise multiple regression analysis was performed with total body BMC, total body less head BMD, total body less head BMC, spine BMD L1-L4, BMC L1-L4, lean mass less head, and adipose tissue mass less head as dependent variables ( Table 3) . The difference between regression lines was calculated in a special model of multiple regression analysis 
